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A single expression relating the carrier drift velocity in semiconductors under an electric field to
Raman scattering data is derived resorting to a full nonequilibrium picture for electrons and holes.
It allows one to probe with high optical precision both the ultrafast transient as well as the steady
state carriers’ drift velocity in semiconductor systems. This is achieved by simply modifying the
experimental geometry, thus changing the angle between the transferred wave vectorQ and the
applied electric fieldE, and measuring the frequency shift promoted by the presence of the field to
be observed in the single-particle and plasmon scattering spectra. An application to zinc-blende
gallium nitride is presented to highlight the power of the method. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1808231]
To overcome difficulties of classical transport measure-
ment methods, optical-based techniques like time-resolved
absorption, transmission, reflection, luminescence, and Ra-
man spectroscopy have been developed to measure the high-
est steady-state carriers’ drift velocity(negative differential
resistivity onset), as well as the drift velocity overshoot pat-
tern in semiconductors. Nowadays, the most used are:(i) the
time-resolved electroabsorption technique,1,2 which follows
closely the seminal work of Shanket al.3 but with femtosec-
ond resolution, which can give information on the electron
velocity–electric field characteristic and transient velocity
overshoot. With this technique, both the electron velocity-
field characteristic and the transient electron velocity over-
shoot in GaN were measured,1,2 showing good agreement
with theoretical estimates;(ii ) an electron spectrometer-
based measure of the energy distribution of extracted
electrons,4,5 from which overshoot drift velocity characteris-
tic curves of thin semiconductor films can be estimated;(iii )
a transient subpicosecond Raman spectroscopy-based
method, which allows for the measurement of both nonequi-
librium carriers’ distribution and electron and hole drift ve-
locities in the transient regime.6–9
The time-resolved electroabsorption technique requires
expensive equipment, and has the drawback of assuming that
the majority of the photoinduced bleaching is due to electron
transport, i.e., the hole drift velocity must be much smaller
than the electron drift velocity.1,2 On the other hand, electron
spectrometer-based measurements depend on the characteris-
tic of the device structure,4,5 a thin AlN film with a semi-
transparent Au-deposited contact. Finally, the transient sub-
picosecond Raman spectroscopy-based method depends on
the assumption that the electron distribution function is non-
degenerate, and that is possible to eliminate the lumines-
cence background of the semiconductor structure, which
makes it possible to calculate approximately the electron
drift velocity using the Raman signal from the single particle
spectrum.6–9
The purpose of this work is to describe how to probe
easily the carrier drift velocity in semiconductors through
Raman scattering measurements. Simulations are presented
for zinc-blende gallium nitride(GaN), which demonstrates
the feasibility and advantages of such method. Electrons and
holes from doping(or from photoinjection) are considered,
which are driven far from equilibrium by the applied electric
field, E. Their nonequilibrium thermodynamic state is char-
acterized by the densitynstd, which is constant in the case of
the doped material; the quasitemperatureTc
*std; and the drift
velocity, vastd, a=e for electron anda=h for heavy hole.
The evolution and steady state values ofTc
*std andvastd are
derived10 from a kinetic theory for far-from-equilibrium sys-
tems based on a nonequilibrium statistical ensemble
formalism.11 Within its framework, a single expression is
obtained which allows one to determine the carrier drift ve-
locity from the Raman scattering data performing changes in
the angle between the transferred wave vectorQ and the
applied electric fieldE, and measuring the frequency shift to
be observed in the plasmon and single-particle scattering
spectra.
Using the generalized fluctuation-dissipation theorem,11
there follows that the electric-field dependent differential Ra-
man scattering cross section is given by an expected expres-
sion in which is present the wave vector and frequency de-
pendent dielectric functionesQ ,v uEd, also dependent on the
electric field strength, for an-doped sample given by
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h1 − expf− bsEd"sv − Q · vestddgj
, s1d
in arbitrary units. Im stands for the imaginary part,bsEd
=1/kBTc
*sEd is the reciprocal of the field-dependent nonequi-
librium temperature, and"v sQd is the energy(momentum)
transfer in the scattering event. The dependence on the elec-
tric field is a consequence that the nonequilibrium thermody-
namic variables are electric field dependent, i.e.,Tc
*sEd and
vesEd. In the limit E→0, ve goes to zero andTc* becomesT0.
Resorting to the random phase approximation(RPA) one
obtains in the present case a Lindhart(or RPA)-type expres-
sion, however specialized to include the presence of the elec-
tric field and nonequilibrium conditions. Going over to the
continuum and using spherical coordinatessk,u ,fd, the real
and imaginary parts of the dielectric function are straightfor-
wardly calculated to obtain that
e1sQ,vuEd = 1 +F 2me













*d is the Debye–Huckel screening
factor. For simplicity we have omitted to explicitly
indicate the dependence onE in the expressions
Dsyd=exps−y2de0
y expsx2ddx (Dawson integral), and






sv − Q · vedJ , s4d






sv − Q · vedJ , s5d
Inspection of these results tells us that we do formally
have identical expressions to that in the absence of an elec-
tric field, except for the presence of a shiftQ·ve in the fre-
quencyv, which is also present in the thermal factor in Eq.
(1). Therefore, we can conclude the relevant result that in the
presence of the electric field the Raman spectrum, let it be
resulting from single-particle scattering or from a plasmon
scattering, should present a shift in frequency given by
Q·vestd, and, hence, depending on the angleu between the
wave vector transfer and the electric fieldsveiEd. A maxi-
mum shift follows fromQ parallel toE, and a null shift for
Q perpendicular toE. Then for, say, anglesu1 andu2, if we
call Dvplsu1,u2uEd the separation of the peaks in the bands
due to scattering by plasmons in the two different experi-






We concentrate the attention on the steady state in this
case ofn-doped polar semiconductor, and we consider zinc-
blende GaN in the numerical calculations. The values of the
average internal energy, UsEd=s3/2dkBTc
*sEd
+s1/2dmeve
2sEd, andvesEd versus the electric field strength
were obtained for a concentrationn=1017 cm−3 and lattice
temperatureT0=300 K by solving numerically the coupled
set of evolution equations for the nonequilibrium thermody-
namic state of the system, as shown elsewhere,12 and Chap. 6
in Ref. 11. The results have very good agreement with those
obtained in computer-modeling Monte Carlo
simulations.12–14 The calculations have been restricted to
field intensities below 100 kV/cm, when we can resort to
using the effective mass approximation(parabolic bands)
around theG point in this direct inverted-band semiconduc-
tors; for larger fields it would be necessary to include the
influence of side valleys.
Figure 1 presents the calculated spectra considering
zinc-blende GaN withn=1017 cm3, and in the presence of a
field strengthE=50 kV/cm, usingQ=1.83105 cm−1, and
for anglesu=0, u=p /4, and u=p /2, while we have that
ve=1.833107 cm/s andTc
* =511 K.12 The plasma frequency
is vpl,1.231013 s−1. In Table I are presented the differ-
ences in frequency for all three pairs of angles as obtained
from the position of the peaks in Fig. 1sDvplsu1,u2uEdd and
those calculated usingQscosu1−cosu2d. The agreement is
good, which indicates practically no influence of the band-
width due to Landau damping. Finally, in Fig. 2 are shown
spectra corresponding to scattering by single-particle excita-
tions (Raman–Doppler scattering), for E=100 kV/cm and
Q=53104 cm−1 (for smaller values ofQ the band is
strongly damped). For u=p /2 we can see the usual form
centered atv=0, but for uÞp /2 there occurs the expected
shifts as in the case of plasma bands. The maximum possible
shift is of the order of 1.231012 s−1, within the resolution of
typical Raman scattering detection apparatuses. The form of
the band reflects the thermal distribution of the carriers, hav-




* , but presenting a depletion at very low fre-
quencies due to screening effects.15 In the case of
InxGa1−xN/GaN, see Ref. 9.
All these results, obtained in the steady state, remain
valid in the transient regime, interpreting that Eqs.(1)–(6)
are valid at any timet (within the resolution time), and thus
FIG. 1. Plasmon modes in doped zinc-blende GaN withn=1017 cm3, and
field strength E=50 kV/cm. They were calculated usingQ=1.8
3105 cm−1, ve=1.833107 cm/s,Tc
* =511 K, and anglesu=0, u=p /4, and
u=p /2 (from right to left); vpl,1.231013 s−1.
TABLE I. Frequency shiftDvpl of Eq. (6).
u1 u2 Dvpl ss−1d Qvscosu1−cosu2d ss−1d Dvpl /vpl
0 p /4 9.731011 9.731011 0.08
0 p /2 3.331012 3.331012 0.28
p /4 p /2 2.331012 2.331012 0.19
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resorting to ultrafast time-resolved laser spectroscopy, one
can determine the time evolution of the carrier’s drift veloc-
ity and nonequilibrium temperature. In the case of the pho-
toinjected double plasma of electrons and holes(whereas the
system is on the metallic side of Mott transition), in Eq. (1)
there needs to be included the contribution to the dielectric
function of the fluid of holes, and so the ultrafast time-
resolved Raman scattering can determine the evolution in
time of bothvestd andvhstd.
Summarizing, we have presented a sounding derivation
of a very practical formula from which the carriers’ drift
velocity both in the steady state or in the ultrafast transient
regime can be obtained by simply modifying the experimen-
tal geometry of the Raman scattering in semiconductors un-
der an electric field. The key step was to show the presence
of a frequency shiftQ·ve in the Raman spectrum using a
fluctuation-dissipation theory for semiconductors in arbitrary
nonequilibrium conditions under the action of an applied
electric field. The application performed for zinc-blende gal-
lium nitride highlights the usefulness of the proposed
method. We hope this work will stimulate its use by
experimentalist.
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FIG. 2. Single particle bands in doped zinc-blende GaN withn=1017 cm3,
and field strengthE=100 kV/cm. They were calculated usingQ=5.0
3104 cm−1, ve=2.453107 cm/s,Tc
* =511 K, and anglesu=0, u=p /4, and
u=p /2 (from right to left); vpl,1.231013 s−1.
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